INTRODUCTION
The Indian subcontinent has been colliding with Eurasia for ~50 m.y., leading to the emergence and growth of the Tibetan Plateau. Although large-scale structures at the collision zone have been recognized for several decades (Molnar and Tapponnier, 1975) , the mechanics governing the present-day behavior and historical evolution of the greater Tibetan Plateau region have been debated. Dynamic models of a thin viscous sheet representing the lithosphere have accounted for the critical features of the collision zone, including its great elevation and the lateral spreading of the Tibetan Plateau (England and Houseman, 1989; England and Molnar, 1997) . However, these regional-scale models do not represent the mechanical behavior of the seismogenic upper crust, for which there are direct measurements of fault slip and interseismic displacement rates. While geodetically determined surface velocities have been interpreted in the context of viscous sheet models (England and Molnar, 2005) , the behavior of an elastic upper layer has been neglected at large spatial scales. If the lithosphere is modeled as an elastic layer over a viscous (or viscoelastic) sublayer, then steady-state surface velocities provide no diagnostic information about the distribution of viscous deformation throughout lithosphere below the elastic layer (Hetland and Hager, 2004; Savage, 2000; Zatman, 2000) . Instead, geodetically measured interseismic surface velocities largely contain information about the motion of crustal blocks and elastic strain accumulation surrounding faults in the upper crust, but not the long-term behavior of the bulk lithosphere. Thus, models constrained by interseismic geodetic observations require an explicit treatment of the upper crust and, in particular, the mechanics of the earthquake cycle.
Geodetic displacement rates and two-dimensional models of the earthquake cycle (Savage and Burford, 1973) have been used to estimate the motion of individual faults, including the Altyn Tagh at the northern edge of the Tibetan Plateau (Bendick et al., 2000; Wright et al., 2004) . These studies have found ~7 ± 3 mm/yr slip rates that are ~30%-50% lower than those inferred from offset geologic features that postdate the Last Glacial Maximum (Meriaux et al., 2005; Tapponnier et al., 2001 ). These relatively low geodetically constrained slip rate estimates combined with the gradients in the regional velocity fi elds (Wang et al., 2001; Zhang et al., 2004) have been used to suggest that the tectonics of the greater Tibetan Plateau region are best described as continuous, and that global position system (GPS) observations cannot be explained in terms of the motion of crustal blocks and elastic strain accumulation (Jade et al., 2004; Zhang et al., 2004) .
BLOCK MODEL
The purpose of this paper is to integrate geodetic and geologic observations into an internally consistent, three-dimensional, regional-scale model in order to image the elastic behavior of the elastic upper crust and to test the hypothesis that deformation at the India-Asia collision zone can be represented accurately by block tectonics. To describe the recent behavior of the India-Asia collision zone I develop an elastic block model that allows us to invert geodetically constrained surface velocities for a set of kinematically consistent slip rates on major faults while simultaneously accounting for the effects of block rotations and interseismic elastic strain accumulation (Meade and Hager, 2005) . The predicted interseismic velocity at a point is equal to the sum of the block velocity and the integrated effects of elastic strain accumulation from all faults. The locking of the upper seismogenic part of the fault zone during the interseismic phase of the seismic cycle gives rise to elastic strain accumulation effects that cause across-fault velocity gradients to be smooth, rather than stepped as they are over geologic time. Thus, we assume that GPS velocities are representative of crustal deformation over earthquake cycle time scales (hundreds of years) but not longer-term geologic time scales (>10 k.y.). We also assume that GPS velocities throughout the interseismic part of the seismic cycle are approximately time invariant, consistent with a relatively high viscosity (>10 19 Pa·s) for the lower crust-upper mantle (e.g., Savage, 2000) .
The block model geometry is based on published fault maps (Kapp and Guynn, 2004; Peltzer and Saucier, 1996; Tapponnier et al., 2001 ) (see GSA Data Repository 1 ) and consists of 17 blocks ranging in size from plate scale to 10,000 km 2 for the smallest blocks at the eastern edge of the plateau (Figs. 1 and 2). The block boundaries are correlated with the locations of major faults that are assumed to be vertical, with the exception of the Himalayan thrust system, which dips ~10° northward. Some block boundaries, especially those in southeast Asia, are speculative because they improve the fi t to the data yet do not correlate with any mapped structure of which I am aware. In this sense, the geodetic data and block model can be considered a tool to identify possible shear zones and incorporate mapped fault system geometry. The most notable of these speculative boundaries within the plateau is the northwest-to southeaststriking boundary extending from the Quilanshan to the eastern Kunlun fault that improves the goodness of fi t of the east velocity components. An additional assumption is that there is a coherent structure between the Jiali and Xianshuihe faults in central Tibet. Compiled fault maps suggest southwest-to northeast-trending structures along this block boundary for at least 50% of its length, though there are multiple candidate faults that may also play an important role ( Figure DR1 ; see footnote 1). If this feature and the eastern Xianshuihe fault are eliminated, the residual velocities increase (most notably the north component) not only locally, but also near the intersection with the inactive Red River fault. In this sense, the geodetic data and block model can be seen as a tool to identify possibly shear zones. The dense geodetic data just to the east of this region were used to identify the Songpan-Xihe deformation zone ~100 km northwest of the Longmenshan (Shen et al., 2005) .
Block motions and fault slip rates are constrained by an overdetermined uncertainty weighted least squares estimator using 554 geodetically determined interseismic velocities from northern India to the Tarim basin (Zhang et al., 2004) (Fig. 1) . The model and observed velocities agree well with a mean residual (observed and modeled) velocity component magnitude of 1.46 mm/yr compared to the 1.33 mm/yr for the mean velocity uncertainty, and a minimum reduction in variance of 96%. The agreement between the modeled and observed velocities demonstrates that the quasistatic elastic model used is capable of accurately modeling interseismic GPS measurements. This is consistent with the assumption of a highviscosity lower crust-upper mantle (η > 10 19 Pa·s) and the observed localized velocity gradients near faults, and consistent with two-dimensional models of the Kunlun fault (e.g., Hilley et al., 2005) . However, predicted model velocities reproduce the fi rst-order features of the observed velocity fi eld, including both the distribution of north-south shortening and the rotation of material through southeast Asia (Fig. 1) . First-order features of the velocity fi eld are recovered, including deformation around the Sichuan Basin and the reorientation of velocities from east-west to north-south trending in southeast Asia. Shen et al. (2005) and Thatcher (2006) estimated similar kinematic behavior for the eastern borderland and the high plateau, focusing on the behavior of GPS stations that were not thought to be affected by elastic strain accumulation.
Due to the fact that slip rates are linear functions of the relative block motions, the slip rates predicted by the block model are internally consistent in the sense that any closed path integral of velocity sums to zero. Estimated fault slip rate uncertainties are functions of the estimated GPS uncertainties, station distribution, and block model geometry, and range from <1 mm/yr for most faults to >7 mm/yr for the faults near the Pamirs, where geodetic coverage is sparse (Figs. 2 and 3 ). Similar to previous studies (Bendick et al., 2000; Wright et al., 2004) , I fi nd left-lateral slip on the Altyn Tagh fault ranging from 2.3 ± 1.3 to 7.2 ± 0.6 mm/yr; the lowest values are at the western end and the fastest rates are east of the intersection with the Kunlun fault (Fig. 2) . The slip rate estimate for the Altyn Tagh fault is 2-5 times lower than the 17.8 ± 3.6 mm/yr geologic estimate over the Holocene (Meriaux et al., 2005) . Thus, it does not seem that three-dimensional fault system geometry and block rotations can resolve this apparent discrepancy. There is sparse geodetic coverage between the Tibetan Plateau and the Hindu Kush; however, the data suggest that the Karakoram fault slip rate decreases slightly from ~4 to ~2 mm/yr toward the southeast with 1σ uncertainties ranging from 1.5 to 3.7 mm/yr. Within the plateau interior the eastern segment of the Jiali fault slips right laterally at 3.7 ± 0.6 mm/yr (approaching 15 mm/yr at the western end) and both the Kunlun and Xianshuihe faults slip left laterally at ~10 mm/yr. This combination of 5-10 mm/yr of right-and left-lateral strike-slip motion accommodates the eastward motion of the Qiangtang block and demonstrates that deformation is not localized along the faults bounding the Tibetan Plateau. The relative deformation between India and southeast Asia is parameterized as slip on four major faults, the Burman ranges and southern extension of the Xianshuihe fault accommodating ~40 and ~11 mm/yr of right-and left-lateral motion, respectively. At 25°N latitude, this set of faults accommodates ~10 mm/yr of east-west opening (Fig. 3) . The south-central plateau also accommodates ~10 mm/yr of eastwest extension, consistent with geological observations of ongoing extension since the mid-Miocene (Blisniuk et al., 2001 ). In agreement with previous local-scale geodetic studies (Bilham et al., 1997; Chen et al., 2004) , north-south shortening is largely accommodated by ~20 mm/yr of thrusting along the Himalayan range front (HRF) with slip rates decreasing eastward from 24 to 16 mm/yr (Fig. 3) . Similarly, clockwise rotation of the Tarim basin (clockwise rotation at 0.55° ± 0.02°/m.y. about an Euler pole located at 90° ± 4° east longitude and 40°1′ ± 2°3′ north latitude) yields ~11 mm/yr of shortening across the central Tien Shan with slip rates decreasing to negligible magnitudes by longitude 95°E, in agreement with integrated models of long-term crustal deformation (Avouac and Tapponnier, 1993) and recent geodetic measurements (Abdrakhmatov et al., 1996) . The ~10 mm/yr of shortening across the eastern Jiali fault is inconsistent with the motion of station GNGB to the east of Lhasa. An alternative representation of the fault system near the eastern syntaxis may be required. The block model slip rate estimates can also be used to make predictions about seismic activity that can be compared with results from studies of recent large Tibetan earthquakes and the record of historical seismicity. Radar measurements of deformation resulting from the 1999 Manyi (M W = 7.6) earthquake and far-fi eld seismic radiation from the 2001 Kokoxili (M W = 7.8) earthquake provide evidence of coseismic slip occurring down to a depth of 15-20 km (Antolik et al., 2004; Peltzer et al., 1999) . While the locking depths of individual faults are only weakly constrained due to the spacing of geodetic measurements, the reported coseismic rupture depths agree well with the 17 km optimal regional locking depth found using a systematic search of locking depth parameter space (Fig. 4) . The historical record of seismicity over the past century provides a synoptic parameterization of coseismic behavior of the fault system in the form of the mean annual rate of moment release, M 0 R . . Updating an existing compilation of moment release from historical earthquakes from 1902 to 1999 (Holt et al., 2000) through 2005, using earthquakes from the Harvard centroid moment tensor catalog, gives a mean annual moment release rate of 1.65 × 10 20 N·m/yr for the greater Tibetan Plateau region (78°-110° east longitude, 20°-45° north latitude). If all interseismic elastic strain accumulation is balanced by coseismic strain release, then the present-day moment accumulation rate should balance the historical moment release rate, assuming that the historical earthquake catalog is representative of the typical fault system behavior. The moment accumulation rate for a given fault is the product of shear modulus, fault area, and slip rate magnitude, M s
. .
Using a shear modulus of µ = 30 GPa and an optimal locking depth of 17 km, the block model predicts a moment accumulation rate of 1.69 ± 0.24 × 10 20 N·m/yr, in good agreement with the moment release rate from the historical earthquake catalog (Fig. 4) . .
, indicating that the fault system geometry and predicted slip rates are consistent with the mean seismic behavior over the past century. Shortening along the HRF is responsible for ~35% of the total moment accumulation rate, suggesting that while there may be moment balance over the larger region, there is a localized moment defi cit along the HRF, as has been noted ).
CONCLUSIONS
The three-dimensional elastic block model of the greater Tibetan Plateau region is consistent with the geometry of much of the mapped fault system, geodetic measurements of interseismic deformation, a simple mechanical model of the earthquake cycle, and the historical rate of moment release. The goodness of fi t between the model and observed velocities suggests that the high-viscosity approximation of the lower crust-upper mantle may be appropriate within the limit of the assumed Maxwell rheology. Future studies of transient geodetic signals (e.g., postseismic deformation) may help to defi ne the rheology of the subcrustal lithosphere and contribute to the development of vertically integrated and mechanically consistent models for the dynamics of the lithosphere at the India-Asia collision zone.
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